Several new branched (1, 2), circular (9) and looped oligonucleotides (14-17) were synthesized. 3-Deoxypslcothymldlne was employed to create the site of branching when required. The circular and looped structures were obtained by oxidatlve disulflde bond formation between mercaptoalkyl tether groups. All the oligonucleotides prepared contained two T ni sequences, and the branched and looped oligomers an additional alternating CT sequence. The melting experiments revealed that the branched oligonucleotides form relatively weak hybrid (double/triple helix) complexes with the single-stranded olkjodeoxyribonucleotide, showing a considerable destabilizing effect produced by the structure at the point of branching. The data obtained with looped oligonucleotides demonstrated considerable stabilization of the hybrid (double/ triple helix) complexes with the complement The data reported may be useful In attempting to design new antisense or antlgene oligonucleotides capable of forming selective and stable bimolecular hybrid complexes with nucleic acids.
INTRODUCTION
Synthetic oligonucleotides have been widely employed to modulate the biological activity of DNA and RNA (1) (2) (3) (4) (5) . In the antisense strategy oligonucleotides are used to arrest complementary RNA and thus to inhibit viral RNA replication or to block synthesis of proteins (2) . The antigene strategy is in turn based on inhibition of transcription or replication of genes due to the interaction of synthetic oligonucleotides with DNA (3). Recently, bimolecular triple helices have found use in a new strategy for DNA and RNA recognition (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . This approach is based on selective and strong complexing of a purine-rich sequence of the target nucleic acid with two pyrimidine-rich fragments of the complementary oligonucleotide. One of the pyrimidine sequences forms Watson-Crick base pairs with the polypurine target, while the other is engaged by Hoogsteen base pairing. Details of nucleic acids recognition by bimolecular triple helix formation have been elucidated by Kool and co-workers (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 20) . According to their studies, circular oligonucleotides seem to be useful structures for further development of new generation antisense and antigene oligonucleotides. In fact, circular oligonucleotides possess many advantageous characteristics. They bind more tightly and selectively to the complementary DNA single strand than the normal Watson-Crick complement They also display higher resistance to the action of nucleases (20, 21) . Nevertheless, these molecules also suffer from some drawbacks. First, circular oligonucleotides bearing two polypyrimidine regions may exhibit specificity for several similar polypurine fragments of the target nucleic acid when used in real biological experiments aimed at suppressing translation, reverse transcription or splicing. Secondly, triplexes formed by circular RNA oligonucleotides when hybridized with RNA may dramatically decrease the catalytic efficiency of RNase H, which plays a very important role in the antisense approach by cleaving the target RNA (23, 24) . Finally, circular oligonucleotides cannot be easily tethered to various conjugate groups, needed to bring desired biological properties, such as enhanced transport through the cell membrane. We believe that these shortcomings could be overcome by binding a single-stranded RNA or DNA to a looped ribo-or deoxyribonucleotide oligomer that may form hybrid helices, i.e. a triple and double helix simultaneously. This would possibly provide the following advantages. The looped oligonucleotide would be more selective towards the target, since its structure assumes not only strong binding to the polypurine sequence via triple helix formation, but also sequence-specific interaction with the chain fragment adjacent to the polypurine region. Recognition of a particular RNA by the looped oligoribonucleotide would thus lead to the formation of a normal duplex, susceptible to the action of RNase H. Furthermore, the open chain part of the oligomer may be easily derivatized if needed. We now report on the synthesis of new looped oligodeoxyribonucleotides and on their hybridization with a single-stranded DNA fragment.
MATERIALS AND METHODS

Solid supports and monomers for oligonucleotide synthesis
Oligonucleotide synthesis was performed on solid support 5, bearing a thioester linkage (32), on solid support 12 possessing a disulfide bond (33) or on commercial nucleoside-bound solid supports (Sigma and Cruachem). A 0.2-1 pjnol scale was used throughout to assemble the oligomers. 3'-Deoxypsicothymidine phosphoramidites 3 and 13 (25) and non-nucleosidic phosphoroamidite 6 bearing a thioester linkage (32) were synthesized as described earlier. 3). A part of this (1.45 g, 5.4 mmol) was dissolved in dry pyridine (50 ml). 4,4'-Dimethoxytrityl chloride (1.74 g, 5.13 mmol in 20 ml dry pyridine) was then added drop-wise and the mixture was allowed to stir overnight at ambient temperature. The reaction was quenched with ice, the mixture was concentrated, dissolved in methylene chloride, washed with saturated NaHCC>3 and dried over Na2SO4. Purification on a silica gel column, using a gradient of 0-5% MeOH in CH2CI2 as eluent, 6.1). Commercial 2'-deoxyadenosine phosphoramidite (Cruachem; 0.5 g, 0.58 mmol) and 30 (120 mg, 0.87 mmol) were dissolved in dry acetonitrile containing '//-tetrazole (3.9 ml, 0.45 M). The mixture was allowed to stir for 30 min at room temperature, after which it was treated with a mixture of iodine:THF:pyridine:water (0.4:90:0.4:9 w/v/v/v, 10 ml). Solvent was evaporated and the residue was dissolved in methylene chloride (20 ml) and extracted with aqueous sodium bisulfite (20 ml). The organic phase was concentrated and the residue was dissolved in methanolic ammonia, kept for 30 h at room temperature and then evaporated. The residue was dissolved in dichloromethane and washed with aqueous KH2PO4. The organic phase was concentrated and dissolved in 80% aqueous acetic acid. After 30 min, the solvent was evaporated off, the residue was dissolved in water and extracted with diethyl ether. The aqueous layer was concentrated and the product was purified on a semi-preparative reverse-phase HPLC column (Hypersil ODS, 5 ^.m, 10 x 250 mm; Shandon) using isocratic elution with 2.5% acetonitrile in water. ^maxC^O) 259 
Oligonudeo tides
Oligonucleotides reported here were assembled on an Applied Biosystems 392 DNA synthesizer using the solid supports and monomers described above, along with commercial phosphoramidites (Cruachem). Non-nucleosidic monomer 6 and psicothymidine monomers 3 and 13 were introduced as described previously (26, 32) . Delevulination with 0.5 M hydrazine hydrate in pyridine:acetic acid (4:1 v/v) was carried out for 10 min. Introduction of cystamine residues into assembled oligonucleotides was achieved (32) with 0.5 M cystamine (free base) in water over 6 h. Free mercapto groups were generated by treating the oligonucleotide containing the cystamine residues (14 OD in 1 ml water) with dithiothreitol (3 mg) and triethylamine (30 uJ, 0.3 M in ethanol) for 3 h at room temperature. Products were isolated by reverse-phase HPLC and used immediately in the cross-linking experiments. Disulfide bond formation was achieved by diluting the solution of the dithiol (7 OD) obtained from reverse-phase HPLC with freshly degassed hot (90°C) potassium phosphate buffer (50 ml, 0.05 M, pH 7.85) and leaving the solutions to cool to room temperature overnight and then for an additional 36 h at room temperature. All oligonucleotides were purified and desalted as reported earlier in detail (29) .
Electrophoresis
PAGE was carried out on 15% gels. The amounts of sample loaded were 0.1-0.2 OD. The oligonucleotide bands were visualized and photographed under UV light (254 nm) using the UV-shadowing technique.
Melting experiments
Melting experiments were performed on a X 2 UWVIS spectrophotometer equipped with a PTP-6 temperature programmer, comprising an electronic control unit and a Peltier cell holder (Perkin-ELmer). The temperature was increased at a rate of 1 °C/min. The melting curves were recorded at 260 nm in a buffer containing 10 mM Tris-HCl, pH 7.0,0.1M NaCl, 10 mM MgCl 2 . The concentration of pre-annealed oligonucleotides was 0.21 ^M each. All melting curves were recorded three times and proved to be well reproducible. Uncertainty in 7" m values was estimated as ±0.5°C.
RESULTS AND DISCUSSION
Synthesis
To synthesize the branched (1, 2), circular (9) and looped oligonucleotides (14-17) we employed several monomeric blocks and solid supports. The structures of these compounds are given in Figure 2 .
Branched oligonucleotides.
We have recently demonstrated the applicability of 3'-deoxy-(}-D-psicothymidine (25) in the preparation of short branched oligodeoxyribonucleotides (26) . The same approach was now employed to prepare oligonucleotides 1 and 2, i.e. psicothymidine branched structures containing two T-rich and one normal alternating sequences (Scheme 1). The branched oligomers were synthesized in moderate yield (Table 1) and characterized by denaturing PAGE (Fig. 1) and HPLC (Table 1) . When 1 and 2 were digested with a mixture of phosphodiesterases I and II in the presence of alkaline phosphatase, two products in addition to the expected nucleosides appeared. These were tentatively assigned as the psicothymidine-containing trimer A(3'-p-oiz( 1 '-p-3)A and dimer Z( 1 '-p-30A. We have previously made similar observation on the stability of the phosphodiester bonds of psicothymidine against nucleases (26). (27) . These observations were utilized in the present work. Linear precursor 7 of the circular oligonucleotide was prepared in 45% yield by the method that we have previously reported for the introduction of various functionalized tether groups at the 3'-and 5'-termini of oligomers (29) (30) (31) (32) . The approach is based on the use of solid supports and monomeric building blocks that contain an ester (29) (30) (31) or thioester (32) bond as part of their structure. Upon completion of the oligonucleotide synthesis this bond is cleaved with a primary amine, which brings the desired functionality. In the present work, cystamine was used to cleave S-OUOO.
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Scheme 1. Oligonucleotides 1 and 2 and the structure at the point of branching. the oligomer from solid support 5 and simultaneously the 5'-terminal non-nucleoside unit related to 6 was derivatized. Accordingly, a masked mercapto function was introduced to both termini of the oligonucleotide (Scheme 2). Linear oligonucleotide conjugate 7 was purified by HPLC (29) and characterized by denaturing PAGE (Fig. 1 ). The disulfide bonds were then reduced with l,4-dithio-D,L-threitol (DTT) in the presence of traces of triethylamine to obtain 8. This was isolated by reverse-phase HPLC, heavily diluted with degassed hot potassium phosphate buffer and left to cool down to room temperature. After 48 h circular oligomer 9 was isolated by HPLC (29) in 65% yield. When the same cross-Unking reaction was performed in the presence of an equimolar amount of An, the yield of 9 was increased to 76% (Scheme 2). Presumably the formation of a triple helical structure between 8 and An slightly enhanced cross-linking to circular disulfide 9. Purity of the circular oligonucleotide 9 was checked by denaturing PAGE and HPLC (Table 1) . Enzymatic digestion with a mixture of phosphodiesterase I and alkaline phosphatase gave, when analyzed by reversephase HPLC, the expected ratio of natural 2'-deoxynucleosides and a modified nucleotide. The modified nucleotide was shown to be 10 by spiking with an authentic sample. This experiment corroborates the structure of 9, since only the circular oligonucleotide (having a typical migration rate on PAGE) can give rise to 10 upon enzymatic degradation. Consistent with the assumed structure of disulfide 9, it could be readily converted to 8 by treatment with DTT. Co-injections of the samples withdrawn from the reaction mixtures of DTT with either linear biscystamine oligpnucleotide 7 or circular disulfide 9 gave single peaks in both ion exchange and reverse-phase HPLC. Dithiol 8, in turn, could be easily transformed to a bis(pyridyldithio) derivative 11 by treating with 2,2'-dipyridyl disulfide (Scheme 3).
Looped oligonucleotides. The synthetic procedure for the preparation of looped oligomers was essentially a combination of the methods described above. The main difference was the solid support used. Since support 5 proved to be extremely sensitive towards nitrogen nucleophiles and since hydrazinium acetate had to be utilized for cleavage of the levulinyl protection group from the Y-O or 6'-0 moieties of deoxypsicothymidine, 5 obviously could not be employed. In this particular case the solid support had to fulfil two requirements, to contain a disulfide function needed for the subsequent cross-Unking and to stand treatment with hydrazinium acetate. Therefore solid support 12 (33) was chosen and two different deoxypsicothymidine phosphoroamidites 3 and 13 (26) were used to create the desired branching points. Looped oligonucleotide 14, a structural analog of branched oUgomer 1, but cross-linked with a disulfide bond, was prepared as depicted in Scheme 4. Thus the 'normal' strand was assembled on 12 using monomer 3 for subsequent branching and 5'-O-benzoylthymidine phosphoroamidite for chain termination. The levulinyl group was then removed and the Y-OH of Z was used to assemble the additional branch. Non-nucleosidic thioester monomer 6 was employed to complete the machine-assisted synthesis. The solid support carrying the branched oligonucleotide was then treated with aqueous cystamine to introduce the 5'-disulfide function and then with ammonia to result in complete deprotection. Branched oligonucleotide 18 possessing disulfide tethers was finally isolated in 27% yield, reduced to dithiol 19 and cross-linked to give the desired looped oUgonucleotide 14 (Scheme 4). After cross-linking, 14 was isolated by HPLC (29) . Looped oligonucleotide 15 (Scheme 4), the analog of 2 cross- linked with a disulfide bond, was prepared analogously. The only difference was the utilization of monomer 13 for branching (Fig.  2) . A slightly modified strategy was applied to prepare looped oligonucleotides 16 and 17, in which the psicothymidine unit participates in the cross-Unking rather than branching. Scheme 5 shows the route to obtain 16. Accordingly, the entire oligonucleotide chain was assembled on support 12, introducing Z as building block 3 at an appropriate step and terminating the chain with the 5'-O-benzoylated thymidine monomer. The l'-O-levulinyl group was then removed and non-nucleosidic monomer 6 was introduced at the final step. The subsequent treatments were similar to those described above for 14 and 15, resulting in cross-Unking of the 3'-terminus to Y-0 of Z. Looped 17 (Scheme 5) was prepared analogously. The only difference was that monomer 13 was used instead of 3 and therefore the 3'-terminus was cross-linked to 6'-O of Z. The cyclizations of 14-17 were repeated several times with 70-86% yield, which proved to be independent of the structure of the oligonucleotide precursor or the site of cross-linking. Looped disulfides (14) (15) (16) (17) were readily converted to dithiols (19, 21, 23 and 25) with DTT. Co-injections of the samples withdrawn from the reaction mixtures of DTT with either bisdisulfides (18,20,22 and 24) or oligonucleotides 14-17 gave single peaks in ion exchange HPLC.
HPLC
All the oUgonucleotides were shown to be homogeneous by both ion exchange and reverse-phase HPLC. The ion exchange HPLC experiments (Table 1) demonstrated that the retention times of the circular (9) and looped (14-17) oligonucleotides were longer than those of their bis-disulfide precursors (7, 18, 20, 22 and 24) . Dithiols (8,19,21,23 and 25) were retained more efficiently than their bis-disulfide precursors, but less efficiently than the circular or looped oligonucleotides. This observation was utilized in monitoring the cross-linking reactions.
Gel electrophoresis
The 15% denaturing PAGE (Fig. 1) showed reasonable purity for all the oligonucleotides synthesized. It also demonstrated an interesting behavior of modified oligonucleotides which may be regarded as a characteristic feature. Kool et al. (13) have noted that the migration rate of circular oligonucleotides is about 0. 
Melting experiments
To elucidate the ability of the branched (1, 2), circular (9) and looped oligonucleotides (14-17) to hybridize with the complementary sequence, the melting curves for dissociation of the complexes of these oligomers with 5'-AnGTAT(GA) 5 -3' (26) were determined. The structures of complexes studied are given in Figure 3 and their r m values in Table 2 .
Circular oligonucleotides. The melting curves for the following adducts were measured: initial experiments were performed with the complexes of 9/A u , 27/A u , T u /An and 2 Tn/An (Fig. 4) . One can see that while the 27/Au complex melts at a considerably higher temperature than both Tu/An and 2 Tn /A u (47.6°C, 33.2°C and 35°C, respectively, Table 2 ), consistent with the formation of a bimolecular triple helix, the cross-linking in oligonucleotide 9 additionally increases the melting temperature by 5°C (52.7°Q. This observation agrees with the data reported by Kool et aL (10) for circular oligonucleotides containing only natural phosphodiester bonds and it demonstrates that crossUnking via a disulfide bond does not dramatically affect the triple helical structure. The melting curve for the complex of 9 with 26 is shown in Figure 4 . This complex melts at 52°C, while the complex 9/An melts only ~1°C higher, also in accord with the previous data (13). An fragment Accordingly, the branched oligonucleotide may be expected to form a hybrid complex with 26, featuring both double and triple helices at the same time. Figure 5 shows the melting curve for this complex (1/26) and that for the normal duplex formed by 5'-C(TC) 5 ATACTi iCA-3' (28) and 26. Comparison of these curves reveals that the introduction of an 'additional' branch via V-0 of Z in 1, supposed to provide additional Hoogsteen type base pairing with 26, leads to rather weak triplex formation. The first transition at 28.1 °C is presumably due to melting of this weak triple helical structure. It is also worth noting that the 'additional' branch considerably destabilizes the Watson-Crick double helix, which now melts at a 14°C lower temperature than the normal control duplex (second transition at 44. Figure 4 ). In summary, branched oligonucleotides 1 and 2 appear to form both double and triple helices less efficiently than their linear counterparts.
Looped oligonucleotides. In striking contrast to the branched oligonucleotides, the looped oligomers form stable hybrid complexes. Figure 6 shows the melting curves for the dissociation of complexes of looped oligonucleotides 14 and 15 with the single-stranded 26. The melting curve for the complex of circular oligonucleotide 9 with linear 26 is included for comparison. These data allow the following conclusions. Cross-linking of the branched structures to give looped oligonucleotides 14 and 15 indeed results in a considerable stabilization. Only one transition in the melting curves is observed This fact and a high melting temperature (about 60°C, Table 2 ) may be taken as an indication of co-operativity in melting of the hybrid (double/triple helix) complexes; stabilization of the triple helical moiety of the hybrid complex, due to loop formation, stabilizes the hybrid structure as a whole. Comparison with the melting curve of a normal Watson-Crick double helix formed between linear 28 and its complement 26 (Fig 5; melting point at 59.1°C, Table 2 ) suggests that the site of branching in looped oligonucleotides 14 and 15 still somewhat destabilizes the hybrid complex. Nevertheless, its influence appears to be of minor importance compared with the branched oligonucleotides. The melting curves of the complexes of looped oligonucleotides 16 and 17 with single-stranded complement 26 ( Fig. 6 ) demonstrate that the melting curves of all looped oligonucleotides are very similar and the melting points are almost equal (Table 2) . Obviously, the position of the cross-link does not significantly affect the stability of the hybrid complexes. This observation may be rather important from the synthetic point of view, since the less branching one performs during oligonucleotide synthesis, the fewer modifications in the target sequence one can expect and the easier the isolation procedures would be.
CONCLUSION
The present work demonstrates the feasibility of a new strategy for DNA recognition, based on high selectivity and stability of bimolecular hybrid complexes. The looped oligonucleotides described undergo selective complexalion with purine-rich regions and adjacent polynucleotide sequences at the same time. This feature may be very useful for the design of specific antisense and antigene oligonucleotides.
